Gene sequences were initially identified as containing open reading frames (ORFs) that are potentially translatable into proteins. More recently, the full molecular complexity of genes has been exposed, culminating in the updated concept of a gene that includes both regulatory regions and transcripts 1 . Intriguingly, many genes have been discovered that produce transcripts with mRNA-like features, such as capping and polyadenylation, but that are not apparently translated into proteins, and these transcripts are known as long non-coding RNAs (lncRNAs). These genes and their products have revolutionized our understanding of gene regulation and RNA metabolism 2, 3 . There is another class of genetic elements that also challenges the understanding of the coding potential of the genome: putatively functional small ORFs (smORFs; also known as sORFs) of 10 to 100 codons 4 . Millions of smORF sequences are found in eukaryotic genomes [5] [6] [7] , and thousands can be mapped to transcripts, in many cases, to putative lncRNAs [8] [9] [10] . It is as if we have a genome within our genome: a hidden genome about which we know very little. smORFs have been deemed non-coding on the basis of their short length, which defeats standard computational detection of protein-coding capacity; the fact that there has been little experimental corroboration of their function; and for convenience, as their very high numbers present a challenge for annotation and curation. Consequently, functional smORFs are often not annotated because they have not been experimentally corroborated, and they have not been corroborated because they are not annotated, a difficulty which is rarely (and only serendipitously) overcome.
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The problem with computational annotation is that, as is the case for canonical protein-coding ORFs, it relies fundamentally on sequence similarities, which reveal the conservation of the putative coding sequence, thereby indicating a selective value and hence function; and the similarity to proteins and protein domains with an experi mentally corroborated function, thereby suggest ing a similar function for the smORF. However, true conservation and homology of smORFs is difficult to establish owing to two fundamental problems: short sequences accrue lower quantitative conservation scores (that is, the sum of the scores from each amino acid) than longer canonical proteins, whereas, reciprocally, the probability of short sequences obtaining such a 'low conservation score' by chance is higher. For example, the BLAST search tool penalizes the identification of protein sequences of fewer than 80 amino acids, and fails with those that have fewer than 20 (REF. 6 ). Given the high number of smORFs in the genome, and the expectation that most of them are not functional (see below), arbitrary cut-offs for a minimal ORF length of 50 or 100 codons are used in genome annotation, discarding shorter ORFs that lack experimental evidence of function.
Obtaining experimental evidence for smORF function is also difficult. Standard biochemical methods for protein isolation fail to detect peptides below 10 kD, which escape a typical gel or filter, and which can be masked by degradation peptides from larger proteins. Genetics also encounters problems, as short sequences such as smORFs offer a small target for random mutagenesis screens and other gene-discovery protocols, and the large number of smORFs in the genome (see below) makes it impractical to carry out systematic directed mutagenesis. In the unlikely event of a smORF mutation being isolated, it is often assigned to adjacent canonical genes, as most smORFs are not annotated.
Nevertheless, smORFs are finally receiving attention and breaking out of this impasse. There is a growing realiza tion that hundreds, if not thousands, of smORFs are translated 8, 9, 11 and that smORF-encoded peptides (SEPs) can have important functions and can be widely conserved across metazoans 12, 13 (reviewed in . However, the full repertoire of SEP functions is still unknown, and the genomic functions and evolutionary impact of smORF sequences have not been revealed. Experimental characterization of smORFs at a genomic level in bacteria, yeast and plants showed that hundreds of smORFS can produce a phenotype 5, 17, 18 . In metazoans, experimental evidence has also accumulated to support these conclusions, although it is still anecdotal. Some SEPs 16, 19 (sometimes known as micropeptides (REFS 20, 21) ) are annotated as having biological activity as antibacterial peptides 22 , cell signalling molecules 23 , cytoskeletal regulators 24 and other regulators of canonical proteins 13, 25 . These functions can be essential for viability, but only a small minority (a few hundred) of the putative smORFs in each genome have a suspected function (inferred by homology) 26 , and even fewer (tens) have an experimentally corroborated function 14 . These functional smORFs tend to be longer (approximately 80 codons) and thus are more amenable to standard homology searches, as well as to bio chemical and genetic analyses. However, 90% of smORFs are much shorter (approximately 20 codons), but can display sequence conservation and evidence of being translated, similarly to 'functional' smORFs 6, 8, 10 . Furthermore, even these shorter smORFs can have crucial developmental and physiological functions and homologues across great evolutionary distances [12] [13] [14] . Therefore, there could be many more uncharacterized smORFs with biomedically relevant functions, but until now we have not identified such smORFs, or predicted their functions.
Current experimental evidence shows that, in animal genomes, only approximately 1.2% of smORFs are transcribed, and of these only about one-third seem to be translated (see below). However, even this small percentage of functional smORFs could theoretically produce tens of thousands of uncharacterized peptides in each animal species. Even if only a small proportion of these peptides have biological activity, we could be missing hundreds of peptides that could shed light on many aspects of biology and medicine. Thus, the challenge is how to identify the biologically active smORFs and their peptides, or the "beautiful needles in the haystack" (REF. 4 ).
In this article, we present an analysis of both previously available and new smORF data. Although there is evidence for the pervasive use of non-AUG start codons and the translation of overlapping ORFs 14, 27, 28 , we focus on the population of non-overlapping ORFs with canonical AUG start codons in the reference genomes of three metazoans (fruit flies, mice and humans). We propose that sufficient information has accrued to approach smORFs not as an undersized 'discard bin' , but as a group of novel molecular actors with specific characteristics, evolutionary origin and biological functions at both the RNA (non-coding) and the peptide (coding) levels. We present a classification of animal smORFs based on the characteristics of their sequence and the structure of their RNAs and encoded peptides, a classification that provides predictions on the function of not yet fully characterized smORFs. Finally, we show evidence indicating that novel smORFs can randomly and continuously appear in animal genomes, and that different smORF classes represent steps in the evolution of new canonical proteins.
Classification of smORFs
Translated Drosophila melanogaster smORFs have been identified at the genomic level using a combination of ribosome profiling, peptide tagging and bioinformatics analyses. Two main groups of translated smORFs have been identified, according to their profiling metrics and bioinformatics characteristics, with one such group enriched in peptides allocated to cell membranes and organelles 8 . This classification is important, because it seemed to identify smORFs with high chances of being functional. Such a classification could direct research to more promising smORFs by linking their sequence to biochemical properties and molecular functions, thereby greatly reducing the need for exploratory experiments. Accordingly, we subsequently characterized hemotin, which is a fly smORF from the membrane-associated group, and revealed its activity in phagosome maturation and its conservation in vertebrates 29 . We have also obtained further experimental and bioinformatics data that support a functionally relevant classification of D. melanogaster smORFs. Thus, although this preliminary classification is far from being able to predict smORF function with the kind of precision that we enjoy with most canonical proteins, it offers heuristic value, and therefore we refine and expand it here to include vertebrate smORFs. We propose the existence of at least five types of smORFs with distinct transcript organization, size, conservation, mode of translation, amino acid usage (frequency of each amino acid) and peptide structure properties. We suggest that these five classes are likely to have different cellular and molecular functions, from inert DNA sequences to transcribed and translated cis-regulators of translation, to the expression of functional peptides with the propensity to function as regulators of canonical proteins. Before we elaborate on the basis of this classification and its functional implications, we introduce the five classes below (FIG. 1) .
First, intergenic ORFs are the most numerous (96% of smORFs (FIG. 2a) ). These intergenic ORFs are stretches
Translation efficiency
A measure of the rate of translation for a given mRNA feature, obtained in ribosome profiling experiments. It usually consists of the ratio between ribosomal footprints and RNA sequencing reads generated by the mRNA region.
of DNA between an ATG and a stop codon, and have a median size of 22 codons (FIG. 2b) . Judging from high-throughput data, they do not seem to undergo transcription or translation, and thus it is likely that most are non-functional, and are instead simple, random consequences of nucleotide permutations in regulatory or 'junk' DNA. We suggest the name intergenic ORFs in order to distinguish them from the transcribed, putatively functional smORFs that constitute the other classes.
Second, upstream ORFs (uORFs) constitute the second most abundant class, potentially doubling the number of currently annotated coding sequences (FIG. 2a) . uORFs are smORFs found in the 5ʹ untranslated regions (UTRs) of mRNAs that encode canonical proteins, and they also have a median length of 22 codons (FIG. 2b) . Almost 50% of annotated animal mRNAs contain uORFs (FIG. 3a; see also REFS 14, 30) , and the translation of a proportion of these uORFs has been reported in all organisms in which it has been examined, including yeast, flies, zebrafish and mice [31] [32] [33] [34] , albeit with low translation efficiency 8, 28, 30, 35 . uORFs are thought to regulate the translation of the downstream, canonical ORFs in their transcripts. uORFs have low average conservation 8, 30 and their amino acid usage is different from random values, but is subtly different from canonical proteins.
Third, long non-coding ORFs (lncORFs) are smORFs that are found in putative lncRNAs and are the third most abundant class (FIG. 2a) . They have a median size of 24 codons (FIG. 2b) and their translation character istics are similar to those of uORFs: low efficiency and only detected in one-third of the lncORFs assessed. A typical lncRNA of approximately 3 Kb could theor etically contain 100 lncORFs of some 100 codons (30 per frame); in fact, 98% of annotated lncRNAs contain at least one smORF in the metazoan species that we have analysed, with a median of six smORFs per lncRNA (FIG. 3b) . Even the 40 lncRNAs with a non-coding function that have been characterized in humans 36 contain between 1 and 15 lncORFs. Thus, lncORFs are typically found in polycistronic, sometimes overlapping, arrangements, which hinders their experimental characterization. Their amino acid usage is nonrandom, but different from canonical proteins. Their function is currently generally unknown, and there is considerable debate about whether lncORFs are translated, and whether such translation is productive 27, 34, [37] [38] [39] . lncRNAs do not seem to be conserved 3, [8] [9] [10] , but several RNAs that were initially classified as lncRNAs were later shown to encode and translate peptides with biomedically important functions in development and physiology, and to be highly conserved in evolution 12, 13, 40 . In between these two extremes, our genome also encodes transcribed and putatively functional smORFs of 10-100 codons, which can be divided into different classes according to the type of their encoding transcript: upstream ORFs (uORFs; teal) in the 5ʹ untranslated regions (5′ UTRs) of canonical mRNAs; long non-coding ORFs (lncORFs), which are present in long non-coding RNAs (green); short coding sequences (short CDSs), which are annotated ORFs of 100 codons or fewer that are present in short mRNAs (yellow); and short isoform ORFs of 100 codons or fewer, which are generated by alternative splicing of canonical mRNAs (pink). We extracted all ORFs from both the annotated transcriptomes and the non-transcribed regions of Drosophila melanogaster, Mus musculus and Homo sapiens, and divided the ORFs into these classes, which differ in several characteristics: size (indicated as the median number of codons per ORF), average rate of translation, average taxonomic level of ORF conservation, and features of the encoded amino acids, such as the prevalence of transmembrane α-helices. We propose that these characteristics correlate with a favoured function for each smORF class and that they are conserved in flies, mice and humans. The data presented is from this work unless indicated. The translation and conservation characteristics of the short isoforms is extrapolated from their long isoforms.
Protein isoforms
Variants of a given protein generated by the translation of alternative mRNA sequences, in distinct mRNAs produced by the same gene.
Fourth, short coding sequences (short CDSs; previously known as longer smORFs 8, 15 ), have a median size of 79 codons (FIG. 2b) and are preferentially found in functionally monocistronic transcripts that have mRNA characteristics, albeit they are shorter and simpler in structure than canonical mRNAs. They seem to be translated as efficiently, and are detected as often, as canonical ORFs 8 . There are hundreds of short CDSs in flies and humans (FIG. 2a) , but only a small proportion has been functionally characterized. The characterized examples and the average amino acid features of the class suggest that they have membrane-related functions as regulators of canonical proteins.
Fifth, short isoforms, which are generated as alternative transcripts or as splice forms of longer, canonical protein-coding genes, are the least abundant class of smORFs, according to annotated data (FIG. 2a) . Annotated short isoforms are translated and have a median size of 79 codons (FIG. 2b) , thereby resembling short CDSs in size and in transcript structure, although their amino acid sequences are closer to those of canonical proteins, as expected. Short isoforms merit separate classification and study on two bases: the certainty of their genetic origins, and their potential for functions that are directly related to their canonical protein isoforms. The number of short isoforms may be higher than currently appreciated because detecting them depends on experimental data, and the unambiguous assignment of proteomic and ribosomal profiling sequences to specific mRNA isoforms remains difficult.
Coding versus non-coding functions
Evidence of transcription and/or translation are two objective criteria for assuming that smORFs are functional, whether coding or non-coding. We analysed the genomes and transcriptomes of flies, mice and humans 26, 41 and compared the characteristics of different RNAs that contain smORFs, and the characteristics of the smORFs themselves. 26, 41 , even though direct experimental corroboration of their translation is lacking in most cases 8 . Short CDS transcripts are shorter and have fewer exons than canonical mRNAs (FIG. 3c,d ). This could follow a trend that was observed in eukary otes -fewer exons are found in shorter coding transcripts 42 . More surprisingly, a large proportion of the transcripts that were detected by RNA-seq lacked a canonical 'long' ORF, and thus have been considered lncRNAs 2, 3 , even though they contain lncORFs and display coding-like mRNA features, such as similar length and structure to short CDSs (FIG. 3c,d ), transcription by RNA polymerase II, capping, polyadenylation and accumulation in the cytoplasm 43, 44, 45 . As large numbers of intergenic ORFs are found in non-transcribed genomic regions (FIG. 2a) , do they also represent smORFs in uncharacterized transcripts? What is their origin and function? Their median size of 23 codons across species is expected by chance: among 60 possible codons, 3 are stop codons, which is a ratio of 0.05. Counting from an ATG start codon, the length of the resulting ORF depends on the probability of encountering a stop codon. This probability is independent at each codon, but the accumulated probability of encountering any stop codon obviously increases with length. Thus, the following exponential decay function f(x) = λe -λx where λ (the decay rate parameter) is 0.05 and x is the length of the ORF in codons, indicates the frequency at which ORFs of each size are expected to occur at random, and generates a size distribution that closely fits that observed for intergenic ORFs (FIG. 3e) . Thus, intergenic ORFs, unlike short CDSs (FIG. 3f) , seem to be randomly generated by our genomes, so it would be expected that most are not functional (just as most mutations are not advantageous). Other data indicate that we do not have millions of genes in our genomes. Although computational geneannotation protocols are biased against smORFs 6, 46 , classi cal estimates of gene numbers that were obtained from biochemical and genetic studies 47 are compatible with the annotated numbers of genes that are obtained with computational methods, but differ by several orders of magnitude from the high numbers of intergenic ORFs. Therefore, it is likely that most of the intergenic ORF sequences are not active genes and thus, in order to avoid inflating the estimates of functional smORFs, they should not be considered functional.
A fundamental filter for considering a smORF as 'genic' , or as putatively functional, must be the existence of solid transcriptional data. For example, computational and RNA-seq evidence that was used to re-examine previous computational estimates of putatively functional non-annotated smORFs in various species could only corroborate a small percentage of these smORFs 21 . This transcriptional filter does not contradict the possibility that some intergenic ORFs could be transcribed and even translated in tissues that have not yet been subjected to RNA-seq, but focuses experimental and computational efforts towards more likely functional targets. . c | Metazoan RNA transcript length according to ORF classes. mRNAs containing short coding sequences (short CDSs) and lncRNAs are similar in size (on average, 400 bp in length). Short isoform transcripts are, on average, 600 bp in length, whereas canonical ORF-containing mRNAs are larger on average (3.1 kb). d | Short CDS-containing mRNAs and lncRNAs have lower transcript complexity, as measured by the number of different exons in annotated transcripts of each class, than mRNAs that contain shorter isoforms; canonical mRNAs are, on average, more complex than all of the other classes. e | The size distributions of uORFs and long non-coding ORFs (lncORFs) in animal genomes are similar to that of intergenic ORFs. Interestingly, their distributions fit an exponential decay distribution, suggesting that intergenic ORFs, uORFs and lncORFs are randomly generated in animal genomes. The median (23 codons) of the exponential decay distribution for smORFs of 10-100 codons is indicated (compare with FIG. 2b) . f | The size distributions of short CDSs and short isoforms. The median length (79 codons) of short CDSs is indicated. Short CDS and short isoform smORFs have similar size distributions, which are different from the exponential distribution of other smORFs (dotted line, compare with part e).
ORF tagging
A technique to probe the translation of a specific open reading frame (ORF), whereby a reporter sequence without a start codon is cloned in-frame with the assessed ORF.
Two modes of smORF translation: lncRNAs and short CDS mRNAs. Ribosome profiling provides quantitative and qualitative measures of translation, both at the single gene scale and at the genomic scale 27, 28 . It offers a direct readout of ribosome occupancy on mRNAs at the single nucleotide level, and can be compared with RNA-seq data of the same biological sample to provide quantitative metrics, such as translation efficiency, which are directly related to the rate of translation at each ORF (see REF. 48 for a review). Results obtained from a wide variety of species show that translation occurs in a more pervasive manner than expected, with numerous ribosome footprints detected in lncRNAs and in the UTRs of annotated transcripts; many of these newly identified translated regions coincide with smORFs 8, 9, 27, 49 . Although non-coding functions of several lncRNAs are well established 3, 50 , the non-coding functions of the vast majority are currently unknown, and it is plausible that some of these lncRNAs actually encode translated smORFs.
Using a variation of ribosomal profiling, smORF translation in D. melanogaster was shown to occur in two different modes, which correlated with smORF class 8 . There were 220 annotated short CDSs transcribed in a fly cell line, which were translated at a similar efficiency, and are detected as often (about 80% of transcripts were detected as translated in both cases), as canonical ORFs. Short CDS translation correlated with mRNA abundance and followed canonical models, with multiple ribosomes covering the ORF with regular spacing. Unlike short CDSs, approximately 2,000 uORFs and lncORFs did not follow this canonical mode of translation, but were detected as translated in onethird of the cases and showed about half the translation efficiency of canonical ORFs 8 . These differences have also been observed in vertebrates (reviewed in REF. 15 ). Ribosomal profiling of zebrafish embryos validated the translation of 302 previously annotated smORFs, and identified 190 novel smORFs in previously uncharacterized transcripts and putative lncRNAs, as well as 311 uORFs and 93 ORFs in 3ʹ UTRs 9 . These smORFs tended to be more than 50 codons in length and showed conservation across vertebrates, which classifies them as short CDSs. However, the authors noted the existence of a class of ORFs of fewer than 20 codons with a ribosomal profiling signal in lncRNAs, which would belong to the lncORF class. Similarly, up to 50% of lncRNAs in mouse embryonic stem cells had a ribosome profiling signal 28 , which could potentially give rise to thousands of peptides 49 . There has been a rather technical debate on whether a low level of ribosome profiling signal represents prod uctive translation 27, 34, [37] [38] [39] . It has been suggested that some lncRNAs could be associated with the translation machinery to regulate the translation of canonical mRNAs, without actually being translated; or that the detected ribosome binding is incidental and nonproductive; or that the footprints detected are not gener ated by ribosomes. In summary, it has been suggested that the ribosome profiling signals in lncRNAs are noise, which yields false positives. However, whereas there is a linear correlation between the levels of canonical mRNAs in polysomes and their ribosome profiling signal 8, 11, 51 , such a positive correlation could not be observed with lncRNAs. Many lncRNAs were present in high quantities in polysomes, but only some lncRNAs produced a ribosomal profiling signal 8, 11 , suggesting that the ribosome profiling signal of lncRNAs is not prod uced by generic background noise, but by the specific translation of a subset of lncRNAs, even if this occurs at a modest efficiency. Further more, lncORF translation has been corroborated by ORF tagging and proteomics 8, 9, 11, 46 (see below). Finally, smORFs in transcripts that were initially annotated as lncRNAs can produce biologically active peptides with important functions [12] [13] [14] 20, 25, 40, 52 . An alternative high-throughput method to detect translation is proteomics, which matches mass spectrometry signatures of digested peptides to expected protein sequences 53 . Improvements in proteomics methods have allowed the detection of SEPs, but, in general, proteomics has lagged behind ribosome profiling in smORF detection, and the detection of lncORF peptides has been lacking. Even with the use of specific and new size fractionation methods and custom libraries that include non-annotated smORFs, 'peptidomic' studies have only corroborated 8 new SEPs in D. melanogaster brains 54 and 23 SEPs in human cell lines 46 . Peptides smaller than 80 amino acids are preferentially degraded by endogenous proteases 55 , which hampers their detection, but they have fewer amino acids to generate two non-overlapping peptides after in vitro trypsinization, which is required by standard proteomics validation. Two ribosomal profiling studies failed to obtain parallel mass-spectrometry evidence for any peptide smaller than 50 amino acids 8, 9 , which is a common limitation of proteomic studies of smORF translation. These factors could explain the low SEP detection, but it could also be possible that lncORFs only produce unstable peptides in small quantities, which would be in agreement with their low ribosome profiling metrics.
Could lncORF-encoded peptides in general have a biological role or, in other words, are lncORFs functional and do they have a function that is conveyed by the peptides that they encode? Or are the peptides irrele vant to lncORF function? Long 'non-coding' RNAs that actually produce biologically active peptides could simply be misclassified and the annotated lncRNAs could actually comprise two subpopulations: true non-coding lncRNAs and protein-coding short CDS mRNAs. Alternatively, some, many or all lncRNAs could have dual coding and non-coding functions, as in the case of the plant pri-MIR171b (which produces both a microRNA and peptides 56 ), or the mammalian humanin and MOTS-c peptides that are produced by mito chondrial ribosomal RNA (rRNA) 57, 58 ; or they could simply produce inactive peptides that are quickly degraded. lncORF translation may be the functionally relevant process, whereas the peptides themselves may convey little or no function; that is, lncORFs could have a non-coding function that involves ribosomes. A precedent for such a scenario is presented by uORFs (see below).
uORFs are cis-regulators of translation in canonical genes. The function of uORFs is connected to two failsafe features of eukaryotic translation: re-initiation and leaky scanning 31, 59 . In eukaryotic translation, the small ribosomal subunit (40S) binds to the mRNA at the 5ʹ cap complex and scans the transcript until it encounters an AUG codon that is preceded by a 4 nt CA-rich Kozak sequence. The 60S ribosomal subunit then joins to form a complete ribosome (80S) and a tRNA Met complex joins to initiate translation. Once translation is terminated at the stop codon, the ribosome dissociates from the mRNA, but the 40S subunit can re-initiate scanning for downstream ORFs to translate. Such re-initiation of translation can occur if the initially translated ORF is no longer than 30 amino acids, and if an additional ORF is found approximately 100-200 bp downstream of the stop codon of the initially translated ORF. In addition, weak Kozak sequences are occasionally not recognized, which leads to leaky scanning in which ORFs may be scanned but not translated, thereby allowing continued scanning and translation of downstream ORFs.
Both processes are stochastic, but they can facilitate the translation of polycistronic eukaryotic genes, and can act as a canonical translation regulatory mechanism 31, 32 . The classical model of uORF function is the yeast gene GCN4, in which four uORFs repress the translation of the Gcn4 protein 59, 60 . uORF translation precludes the translation of the downstream Gcn4-encoding ORF, but in conditions of starvation, the uORFs are scanned and not translated, allowing the translation of the Gcn4 protein. In this case, the sequences of the peptides that are produced by the Gcn4 uORFs are irrelevant, and the physical presence of the uORFs themselves acts as the regulatory mechanism; in other genes, however, the uORF-encoded peptides can stall the ribosome upstream of the main ORFs in a sequence-dependent manner 61 . This inhibitory cis-regulatory uORF function does not necessarily preclude that some uORF peptides could have functions in trans that are independent of their locus 62 . A pure cis-regulatory role for uORFs fits with their low translation levels 8, 30, 39 , their low sequence conservation 8, 30 and their lack of propensity to form known protein domains (see below). A prediction of having a repressive cis-regulatory function is that there should be a negative correlation between the translation of the uORFs and that of the main ORFs. Such a genome-wide negative correlation has been found in mammals 32 and zebrafish 30 , but not in D. melano gaster 8 or yeast 35, 63 , perhaps hinting at undiscovered uORF functions.
In summary, there is evidence for the translation for all types of transcribed smORFs, albeit with different translation efficiencies and chance of detection, which correlate with their proposed class; in other words, their size and type of transcript-of-origin. There are also well-established smORF functions, which can be separated into 'coding' functions -the production of a biologically active peptide -and 'non-coding' regulatory effects of engaging the translation machinery. We explore the functions of SEPs below.
SEPs regulate canonical proteins
The small size of SEPs does not support the typical, multidomain structure of canonical proteins, but instead accommodates only one or, at most, two simple domains (considering the simplest domain is a transmembrane α-helix (TMH) that is 30 amino acids in length, and the need for an unstructured spacer region between domains) 64 . Interestingly, protein domains in isolation or incomplete protein domains can have functions that are unrelated to those observed in their native configuration, as part of large multidomain proteins 65 . For example, artificially expressed peptides that contain the Antennapedia homeodomain or the HIV TAT domain are cell-penetrating peptides, a function that is unrelated to that of their endogenous counterparts 66 . It follows that even the function of smORFs that contain known protein domains cannot be easily predicted; in fact, in most cases, it is still unknown. A bioinformatics examination of smORF peptide sequences, informed by examples for which the functions have been experimentally characterized, might clarify their roles.
Characterized SEPs. The molecular and organismal functions of several SEPs have been characterized in metazoans and in unicellular organisms. We have identified a group of approximately 80 short CDS-encoded peptides, which are conserved from flies to humans and, in some cases, even in yeasts and plants 41 . The most common function of these ancient SEPs is as positive regulators of cytoplasmic processes (FIG. 4) . These processes include ubiquitin-like post-translational modifi cation 67 , cytoskeleton dynamics 24 , translation 68 and cyclin function in mitosis 69 (FIG. 4a) . The second most common function is related to mitochondria, such as apoptosis-related functions 70 and mitochondrial respiration 16, 71 (FIG. 4b) . These peptides offer concrete examples of crucial functions that are conserved for hundreds of millions of years, but they constitute a minority (8-9%) of short CDSs in each species. As most smORFs are not as widely conserved, it is unclear whether these ancient smORFs offer a functional blueprint for all short CDSs and, even less so, for lncORFs and uORFs.
Other functionally and molecularly well-characterized smORFs are perhaps not as ancient but still show conservation comparable to canonical proteins, and have a wider range of functions, as negative regulators. Plants have short CDSs and short isoforms that encode small interfering peptides (also known as micro proteins 72 ) that function predominantly as transcription repressors 73, 74 . These small interfering peptides are short, dominant-negative isoforms or duplications of canonical transcription factors, and they usually contain one known protein domain. They interfere with the function of canonical transcription factors, either by sequestering them into unproductive dimers (when the small interfering peptide contains a dimerization domain but not a DNA-binding domain) or by competing with them for binding to DNA (when the small interfering peptide contains a DNA-binding domain but lacks other domains that are required for its activity) [72] [73] [74] . No small interfering peptides have been characterized in animals,
Helix-loop-helix (HLH). A DNA-binding domain that characterizes members of a transcription factor family.
It is composed of two α-helices connected by a short loop.
but there is no reason why they should not exist. There are examples in humans of dominant-negative peptides that are close to 100 amino acids in length. The inhibitor of DNA-binding (Id) family of helix-loop-helix (HLH)-like peptides, which are 119-168 amino acids in length, sequesters basic HLH proteins into inactive complexes (FIG. 4c) . They thereby regulate development, the cell cycle and the circadian rhythms in organisms from flies to humans, and these peptides have also been implicated in stem cell renewal and cancer 75 . Small interfering peptides could be as prevalent in animals as they are in plants, but these peptides and the short RNAs that encode them may have been discarded as artefacts or as non-functional in studies, even if they are detected experimentally. from the cytosol to the ER to terminate muscle contraction. e | SEPs can repress the activity of canonical proteins in phagocytic membranes and organelles. Hemotin 29 represses the phosphoinositide 3-kinase (PI3K) activator 14-3-3ζ, thereby slowing endosomal maturation to allow phagocytic digestion, whereas small effector of CDC42 protein 2 (SPEC2) represses the small GTPase CDC42 to regulate the formation of phagocytic pockets. f | Antimicrobial peptides penetrate the cell membranes of microorganisms. Defensin creates membrane pores that lead to the leakage of cytoplasmic content; drosocin binds to and interferes with cytoplasmic proteins, such as the chaperone DnaK, to slow bacterial metabolism.
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Small interfering and regulatory peptides could be a general feature of SEP function, as dominant-negative interference does not need to be limited to transcription factors. This fits well with the small size of SEPs, which cannot form the large globular proteins with buried active sites that are characteristic of enzymes, or the large multidomain structural proteins 64, 76 . However, SEPs could be perfect for interfering with larger proteins. Indeed, some short CDS-encoded peptides have a demonstrated negative regulatory role in mitosis 77 (FIG. 4a) , apoptosis 78 (FIG. 4b) , ubiquitylation 52, 79 , muscle contraction 13, 20 (FIG. 4d) , phagocytosis 29, 80 (FIG. 4e) and as antimicrobial peptides 22, 81, 82 (FIG. 4f) . Interestingly, most of these functions involve cell membranes.
Protein structure and amino acid usage of smORFs without annotated functions. In baker's yeast (Saccharo myces cerevisiae), 299 non-annotated smORFs with evidence of transcription, translation or sequence conservation were tested in genetic experiments 5 . Of these, 247 were required for cell growth during starv ation and stress conditions. In Escherichia coli, 217 smORFs were identified by bioinformatics criteria, of which 24 were tested and 18 were found to be required for bacterial growth 17 . Of these, 10 SEPs were observed at membranes and were predicted to encode TMHs, similarly to 65% of annotated bacterial proteins of fewer than 50 amino acids 17 . These genetic studies indicate that many uncharacterized SEPs may not be absolutely required for survival, but may improve overall fitness, similarly to the genetic requirement for the negative regulatory SEPs (discussed above) 14, 22 . These studies also suggest that many uncharacterized SEPs may be located at cellular membranes (thereby complicating their biochemical detection).
In D. melanogaster, a bioinformatics analysis revealed more predicted TMHs in short CDSs than in canonical proteins, lncORFs and uORFs 8 . This trend is shared by vertebrate smORFs (FIG. 5a) . TMHs could easily be related to putative functions in cell membranes and organelles 13, 17, 20, 29 . Indeed, the limited gene ontology data available in flies displays an enrichment for membraner elated terms 8 , and tagging a sample of short CDS peptides revealed a tendency for these peptides to localize to cell membranes, including mitochondrial membranes 8 . Finally, the characterization of hemotin 29 (FIG. 4e) , as well as that of other short CDSs (E. Magny and J. I. Pueyo, personal communication) corroborates the prediction of membrane-and organelle-related functions for TMH-containing short CDS-encoded peptides.
The amino acid composition of smORFs could also be a source of information pertaining to their potential functionality. In flies, we observed putatively different amino acid usage among canonical proteins, short CDSs, lncORFs, uORFs and random RNA sequences 8 . These differences could underlie different molecular functions and thus could be an indicator of coding potential 83 . We analysed the amino acid usage of mouse and human smORFs and randomized RNA sequences in comparison to flies. We found a remarkable degree of similarity between the fly and the vertebrate amino acid frequencies in each smORF class (FIG. 5b) . Pooling the data from flies, mice and humans reveals significant correlations and differences in the amino acid usage of different smORF classes, and when compared with canonical proteins and randomized RNA. As observed in flies, the amino acid compositions of metazoan canonical proteins, short isoforms and short CDSs resemble each other and differ significantly from those of randomized RNA sequences and intergenic smORFs (FIG. 5c,d) .
Despite their overall similarity to canonical proteins, short CDSs have an increased frequency of some positively charged amino acids, and that of some negatively charged amino acids is decreased, thereby producing an overall positive charge bias (FIG. 5d) . Artificial cellpenetrating peptides have an overall positive charge and can cross plasma membranes, which is of great interest to the pharmaceutical industry 84, 85 . Given the prevalence of TMHs in short CDS peptides (FIG. 5a) and the membrane localization of short CDS peptides (FIG. 4) , in particular to the negatively charged mitochondria 8, 16 , it is tempting to speculate that this charge bias similarly favours their traffic across membranes and organelles. Given that amphipathic cations (molecules that contain both positively charged and hydrophobic regions) can cross the mitochondrial outer membrane 86 , short CDS peptides may also be able to cross membranes.
The amino acid usage of short CDSs would also fit with a role as antimicrobial peptides. Antimicrobial peptides belong to the humoral (macromolecule) branch of innate immunity, and their production is regulated by a signalling mechanism that is conserved from flies to humans 81, 87 . Antimicrobial peptides tend to be amphipathic, approximately 50-150 amino acids in length and have a propensity to form TMHs 88, 89 . Their amphipathic nature confers solubility and the ability to bind to and integrate into microbial membranes. These characteristics, which are identical to those found for short CDS peptides (FIG. 5a,d) , are sufficient for the design of artificial antimicrobial peptides that act even more efficiently than natural peptides 88 . Antimicrobial peptides can form pores in the membranes of microorganisms, leading to cell leakage and death 81 , but can also behave as cell-penetrating peptides that, once inside the cells, can interfere with vital cellular processes 81, 82, 89 . In this regard, antimicrobial peptides could also be seen as negative regulators 89 . As the overall molecular characteristics of antimicrobial peptides are identical to those of short CDS peptides, some of the hundreds of short CDS peptides with currently unknown function might act as antimicrobial peptides. Indeed, several wellcharacterized antimicrobial peptides are encoded by short CDSs 22, 81, 82 (FIG. 4f) .
Another possible function of positively charged peptides is to bind to nucleic acids. DNA and RNA are negatively charged, and transcription factors and other DNA-binding proteins, such as histones, bind to DNA and to RNA through positively charged domains. As discussed above, plant small interfering peptides are transcription regulators, and animal SEPs with possible DNA-binding activities have been described, such as the human MRI-2, which is a regulator of the DNA end-joining protein KU 90 ; the fly SEP Pgc, which epigenetically represses transcription 25 ; and, interestingly, those produced by the dual-function (coding and non-coding) RNA pri-MIR171b 56 .
The amino acid usage of lncORFs and uORFs is intriguing. Overall uORF amino acid propensities correlate highly with those of canonical ORFs, short isoforms and short CDSs (FIG. 5c) , but they also correlate highly with those of lncORFs, and somewhat less with those of randomized RNA (FIG. 5c) . uORFs resemble short CDSs in having a slight positive charge bias (FIG. 5d) . If uORF-derived peptides have no function, their 'coding-like' amino acid usage might be an irrelevant consequence of their location near canonical ORFs. It is possible that uORFs are derived 'nonsense' fragments of nearby canonical ORFs. An interesting, alternative possibility is that uORF peptide sequences could reflect a specific but as-yet undiscovered function 62 . Nature Reviews | Molecular Cell Biology part a) . Some short CDS amino acid frequencies differ significantly from canonical ORFs (multiple t-tests with Bonferroni corrections, P < 0.05). Some short CDSs encode more sulfur-containing amino acids, as well as being enriched in positively charged and depleted in negatively charged amino acids. lncORFs and uORFs resemble each other and display a pattern related to short CDSs, but with more extreme variations. Short isoforms are not plotted, as their only significant difference from canonical ORFs is Met usage, the higher frequency of which is attributable to their shorter length. Amino acids with significantly different frequencies (enrichment or depletion) from canonical ORFs are indicated. ns denotes correlations that are not statistically significant (P > 0.05). +, positively charged amino acids; -, negatively charged amino acids; H, hydrophobic; P, polar; S, sulfur-containing amino acids.
The amino acid usage of lncORFs resembles that of short CDSs and uORFs in its higher proportion of sulfurcontaining amino acids (Met and Cys) and lower proportion of the negatively charged residues Asp and Glu (FIG. 5d) . However, lncORFs are overall most similar to random amino acid usage (FIG. 5d) . It is not clear that these propensities would confer an overall positive or amphipathic nature to lncORF-derived peptides, and thus we cannot speculate on a putative membrane function for lncORFs. Nevertheless, the sarcolamban (Scl) family of SEPs, which function in the endoplasmic reticulum (ER) of muscle cells (FIG. 4d) , are encoded by transcripts that were previously annotated as lncRNAs, and are approximately 30 amino acids in length 13, 20 , which is typical of lncORFs. Similarly, the Tal SEPs are 11-32 amino acids in length and influence adjacent cells 23, 91 , implying that they diffuse across membranes. Translated lncORF peptides were observed at mitochondria and other organ elles 8 , and human mitochondrial rRNAs produce SEPs, such as humanin (24 amino acids in length) (FIG. 4b) , which is a generic inhibitor of cell death of biomedical importance 57 , and MOTS-c (16 amino acids in length), which acts outside the mitochondria to regulate insulin activity 58 , also implying that it crosses membranes. However, the short lncORF peptides might be avidly degraded 55 , which would hinder a possible cellpenetrating function 92 . There are too few examples of characterized lncORF-encoded peptides, and more functional studies of lncORFs are needed. Similarly to uORFs, lncORFs might be a 'mixed bag' , containing coding smORFs (thus actually being short CDSs) and noncoding smORFs, or else they might represent a group of sequences that are poised for coding function but that have not yet done so. We explore this possibility below.
The genomic role of smORFs in the birth of genes There are indications that smORFs have a general genomic function as a source of new protein-coding genes. Despite the marked differences in conservation, average lengths, amino acid usage, translation efficiency, protein structure and functionality of the different classes of smORFs, there is a degree of overlap among the classes (FIG. 3) , which may suggest the existence of an evolutionary continuum among classes (FIG. 6) . We examine below We propose that the various classes of smORFs (FIG. 1) represent different steps in this process. Intergenic ORFs appear at random in non-transcribed DNA, but during evolution they can become part of a transcription unit, giving rise to long non-coding ORFs (lncORFs). lncORFs (and upstream ORFs (uORFs)) can also appear randomly in transcribed sequences, and have been shown to be translated in up to a third of the cases and with a low translation efficiency. The main functional outcome of this low level of translation may not be to produce biologically active peptides, but to provide the organism with a reservoir of peptides that are translated at a low level, which can be subjected to natural selection. The translation efficiency of these coding lncORFs could increase, giving rise to short coding sequences (short CDSs). In turn, short CDSs could grow or integrate into canonical proteins ('elongation'). The creation of new canonical ORFs is counterbalanced by their conversion into shorter isoforms, pseudogenes and perhaps lncRNAs 111 , and also by the random disappearance of intergenic ORFs through the loss of ATG codons.
the two possibilities for the generation of smORFs: from existing protein-coding sequences, or de novo formation from previously non-coding sequences. smORFs can emerge as fragments of longer proteincoding genes through alternative RNA processing, intron retention and premature stop codons. Short protein isoforms can be generated by alternative transcription, splicing and polyadenylation (or a combination of the three) from canonical proteins. It seems that higher eukaryotes have leaky splicing mechanisms 93 , and this can lead to the production of short isoforms with proper mRNA and translation features. We have seen that short isoforms can produce dominant-negative peptides, which could have deleterious consequences, in a similar manner to amyloid-β peptides of 36-43 amino acids in length, which form plaques in Alzheimer disease 94 . However, if the deleterious consequences are small, late-onset (past reproductive age), or pleio tropically linked to positive traits 95 , even such 'deleter ious isoforms' could be temporarily carried by our genomes. A short isoform could be selected as a negative regulator and could eventually become an independent gene following a retrotransposition or a gene duplication event. After further evolution and divergence, this duplicated isoform could become a pseudogene or, alternatively, a new short CDS (FIG. 6) . The similar sizes (FIG. 3f) and amino acid usage (FIG. 5) of short CDSs and short isoforms could indicate that short CDSs have been generated in this manner, especially those with protein domains or with clear homology to canonical proteins. Alternatively, such paralogue short CDSs could also arise directly from canonical ORFs. Splice junction mutations and intron retention can introduce intronic sequences into a protein, but introns contain stop codons either by chance, or by selection, presumably to stop the production of abnormal, long proteins 93 . Thus, intron translation would lead to the production of truncated proteins with new carboxyl termini, and long 3ʹ UTRs. In this scenario, evolution would be expected to favour smORF-producing transcripts, if the encoded peptides are advantageous. Altogether, paralogue short CDSs that emerge from canonical proteins could be part of canonical protein evolution, and represent an opposing mechanism to processes that usually inactivate proteins and that result in the formation of pseudogenes (FIG. 6) .
Other short CDSs, such as hemotin 29, 96 or toddler (also known as elabela) 97, 98 , seem to have no paralogues in the genome, so we cannot assign their origin to a preexisting canonical protein-coding gene. Where do these 'singletons' come from? Short CDSs could evolve from shorter lncORFs and uORFs, by mechanisms favouring 'ORF extension' . In principle, the extension of any ORF only necessitates changing the stop codon to the codon for an amino acid, which is the most likely outcome (95%) in the event of stop codon mutation, as observed in the Tal genes 12 (FIG. 7a) . Stop codon readthrough, an event that is readily detected in vivo by ribosome profiling 99 , could be an alternative means, or an intermediate step, to stop codon mutation during ORF extension. In either case, such elongated ORFs will again be subjected to the exponential function λe -λx (see above), moderating elongation to 25-amino-acid-long steps. Alternatively, amino-terminal elongation (as observed in the PLN peptides of the Scl family (FIG. 7b) ) could also occur, although this necessitates a new in-frame ATG in an appropriate Kozak context. Either way, if such elongated peptides preserve their original function, then they could be positively selected owing to the higher stability that results from increased length 55 . In time, the elong ated ends of the peptide would be subjected to selection to improve the peptide function or to add new functions.
The size distribution of lncORFs and uORFs fits closely the exponential random distribution of intergenic ORFs (FIG. 3e) , suggesting that they also appear randomly in the genome. lncORFs and uORFs may evolve from intergenic ORFs that become transcribed (ORF first), or appear directly in non-coding RNA sequences (RNA first). The possible de novo generation of proteins from previously non-coding sequences is increasingly debated 100, 101 . Up to 1% of protein-coding genes could be species-specific (without homologues) and therefore of recent origin [102] [103] [104] [105] , but this idea is controversial 106 and strongly depends on the computational ability to detect homologues. The mechanism for the emergence and the spread of such de novo genes has not been clarified, although a role for lncORFs has been proposed 10, 107 . Most lncORFs and de novo genes seem devoid of distant homologues, appearing and disappearing in the genome of different species in the same Order 10, 104, 107, 108 , suggesting both recent origins and dynamic evolutionary behaviour. However, the Tal and Scl families of short CDSs have been conserved over hundreds of millions of years of evolution 12, 13 (FIG. 7a,b) , showing that lncORFs can become short CDSs and can be fixed in the genome, perhaps in correlation with increased coding potential. Further observations are compatible with the evolution of lncORF and uORFs to short CDSs and canonical coding-genes (FIG. 6) . First, short CDSs have an intermediate evolutionary age, as they are more conserved than uORFs 8, 30 and lncORFs 8, 10 , but less conserved than canonical ORFs (FIG. 7c) . Second, smORFs reveal a progression towards canonical amino acid usage, starting from intergenic ORFs to lncORF and uORFs to short CDSs, and then to short isoforms and canonical proteins (FIG. 5c,d) . Finally, although the size of lncORFs and uORFs suggest a random origin from intergenic ORFs or non-coding RNA sequences (FIG. 3e) , their amino acid sequences do not fully reflect such an origin, but instead more closely resemble coding ORFs (FIG. 5c) . In conclusion, lncORFs and uORFs may appear at random, but once they appear their nucleotide sequences are subjected to selection. Whether this selection is initially due to a coding or a non-coding function needs to be ascertained; however, it can result in the development of amino acid sequences with full peptide function 12, 13, 20, 40, 52 . In summary, some smORFs might have emerged from canonical genes, and others from non-coding sequences. Either way, the processes that drive the evolution of canonical proteins (gene duplication and protein neofunctionalization 109 ) should also act on smORFs and give rise to smORF 'families' , offering yet 
Paralogue
Homologous gene within a given species, usually generated by gene duplication. more raw materials for smORF evolution. Indeed, short CDSs and short isoforms can undergo duplication, both inside their transcript and as part of gene families 12, 13, [72] [73] [74] [75] ( FIG. 7a,b) , and can be generally classified according to their sequence similarity (J.-P.C. and P.P., unpublished observations). Finally, smORFs might not only appear from or develop into new canonical proteins, but might also be added to existing canonical proteins by exon shuffling 110 , thereby driving the development of new protein domains. In our view, smORFs could represent a genomic protein factory, which utilizes materials both new (lncORFs and intergenic ORFs) and recycled (canonical genes), constantly producing putative new peptides and protein domains.
Conclusions and future perspectives Bioinformatic and experimental limitations have hampered the study of smORFs and the identification of functional smORFs. Overcoming these limitations and increasing the pool of experimentally characterized smORFs is the foremost challenge in the field. CRISPRCas-based gene editing should herald a new phase of faster progress, by allowing the targeted manipulation of individual smORFs. This is especially important in the case of lncORFs, uORFs and small isoforms, in which specific ORFs within the transcript or gene must be mutated individually. Nonetheless, our analysis of the available data suggests some emerging principles of smORF classification and function. tal is a polycistronic protein-coding gene, which had been initially annotated as a long non-coding RNA (lncRNA) but which contains four short coding sequences (short CDSs). Three of these short CDSs are 11 and 12 codons in length (Tal-1A, Tal-2A and Tal-3A) and include a conserved functional heptapeptide LDPTGXY, indicating that they were formed through tandem duplications, a process corroborated by the tal phylogenetic tree 12 .
The smORF tal-AA (32 codons in length) is the most evolutionarily recent Tal short CDS 12 and encodes a sequence with two heptapeptides, separated by sequence that is 17 amino acids in length; it includes degenerate STOP (orange shading) and START codons (green shading), which is consistent with the elongation and fusion of two shorter tal-1A-like smORFs by STOP codon loss. * denotes extant STOP codons. b | The sarcolamban (Scl) family of short CDSs show low amino acid sequence conservation, but their structure and molecular function are conserved 13, 20 . The family includes two fly peptides (only SclA is shown) and four mammalian peptides. They all repress the activity of SERCA (FIG. 4d) , except DWORF, which, on the contrary, promotes SERCA activity by acting as a competitive inhibitor of the other Scl family smORF-encoded peptides smORFs across animal species can be classified according to sequence length and transcript structure. These features correlate with other characteristics, such as their evolutionary conservation and amino acid usage (FIG. 1) . Furthermore, these smORF classes seem to have specific cellular and molecular functions, facilitating more detailed studies and an understanding of the genomic role of smORFs. Non-transcribed intergenic ORFs probably have no function; uORFs act as cis-regulators of the translation of downstream canonical ORFs; lncORFs can give rise to novel biologically active peptides; short CDSs produce peptide regulators of canonical proteins in the cytoplasm and membranes (FIG. 4) ; and short isoforms can produce peptides that interfere with homologous proteins (FIG. 4c) . Altogether, smORFs may generate new protein sequences during evolution, with the different smORF classes representing steps in the evolution of proteins from inert intergenic sequences (FIG. 6) .
Understanding the origin, evolution and function of smORFs would be needed to clarify this crucial and, so far, underappreciated function of the genome; a far more dynamic and living genome than we currently contemplate. In addition, considering the current interest in artificial peptides as new clinical agents, smORFs could provide an unexplored reservoir of peptides that either already function as new drugs, delivery vectors and antimicrobial agents (such as short CDS), or are currently inactive but naturally primed for such functions by virtue of their amino acid composition (such as uORF and lncORF peptides). The conservation of individual smORFs and smORF classes across animal species, which we discuss in this Analysis, offers experimental model systems to explore this fascinating field.
